SUMMARY Studies have explored occlusal marking interpretation, repeatability and accuracy. But, when an occlusion detection product is interposed between teeth, direct tooth-tooth occlusal contact relationships are replaced by tooth-material-tooth structures. Thus, the marks cannot reflect the original contacts. This has been shown for single tooth pair contacts. The purpose of this laboratory study was to similarly examine full dentitions. A dentiform was set into Class I centric occlusion with the mandible supported by a load cell. The maxillary arch was guided by precision slides. As the weighted (~52 N) upper assembly was lowered onto and raised off the mandibular arch, the loads on the mandible were measured. With and without (control) occlusal marking material, the steps were as follows: (cleaning -control 1 -material 1) . . . (cleaning -control 6 -material 6). The six materials were as follows: Accufilm I and II, Rudischhauser Thick and Thin, Hanel Articulating Silk and T-Scan. Then, the six sets of (cleaning -control -material) measurements were repeated with the mandibular assembly shifted, in turn, by 0Á1 mm in the Anterior, Posterior, Right and Left directions. The five (Centric and four 0Á1 mm shifted) occlusal relationships produced grossly different tooth-tooth (control) load profiles. And, in general, these controls were affected, in different ways, by the marking products. Among the five conventional products, the Rudischhausers fared the worst and the electronic T-Scan was an extreme outlier. Thus, in general, popular occlusal detection products alter the occlusal contact forces, and therefore, their markings cannot characterise the actual occlusion.
Introduction
When an occlusal contact marking product is interposed between teeth, the recorded markings reflect a tooth-product-tooth, not the actual tooth-tooth, configuration (1) . As these products are universal dental armamentaria in many laboratory and clinical procedures (2) (3) (4) , this presents potentially serious and widespread ramifications. There is considerable literature about these products' efficacy and the interpretations of their markings (5) (6) (7) , and some believe that there are too many concerns to use them as diagnostic tools (3, 8, 9) .
Reproducibility of visual occlusal detection methods is unreliable (7, 9, 10) even when identical occlusal marking mediums are used on identical occlusal contacts (8, 9) . Conflicting results have been published about the relationships between contact mark size and force magnitude (5) (6) (7) 11) and between mark size and product thickness (6, 9, (12) (13) (14) . Another study demonstrated that thick products elicit a proprioceptive response, comparable to occluding on a cotton roll, which can alter the direction of the mandible on closing, while thinner products tend to allow the mandible and its musculature to act similarly to a natural bite (15) .
Furthermore, engineering analyses suggest a link between the presence of these products and changes in the occlusal contact forces (16, 17) . Rather than relying on visual evidence, a study demonstrated changes in loads on single pairs of contacting teeth with, and without, the presence of marking indicators (1) . The purpose of this project was to measure load alterations caused by six common occlusal detection products on a full arch of teeth.
Materials and methods
A full dentiform* was set into its as-manufactured centric occlusion, Fig. 1a and b. The mandibular arch was supported by a load cell † that measured forces and moments 0-65 AE 0Á2 N and 0-5000 AE 0Á9 N-mm, respectively. The maxillary arch was carried by a pair of vertically mounted precision slides ‡
. The entire assembly was bolted onto a mechanical testing machine § . The MTS machine was used to manually lower the maxillary assembly (~52 N) onto the mandibular arch until a slight slack developed in the supporting chain ( Fig. 1a and b) , thus ensuring that the arches were fully seated. That position of the hydraulic MTS actuator was set as its 0 mm point. The arches were then manually separated with the MTS, and then with or without (the controls) the products, the programmed ramp cycle (2 mm amplitude at 0Á2 Hz) was run for three cycles. The load cell readings during the second cycle were used as data. The loads on the mandible (Fig. 2 ) were recorded by a dedicated laptop computer at a rate of 100 s À1 using the load cell-packaged NI-DAQmx software ¶ .
F lateral , the magnitude of the force component that acts within the occlusal plane, was calculated with the Pythagorean Theorem,
where F x and F y are the right-left and the anteriorposterior force components, respectively, measured by the load cell (Fig. 2) . F lateral 's direction, h, measured counterclockwise from the positive x-axis, is equal to
Also measured by the load cell, F z , is the occlusal force that is applied as the upper member is lowered onto the mandibular arch, and M x , M y and M z , the moment vector components indicated by the white arrowheads in Fig. 2 . The directions of the M-induced rotational tendencies of the mandible are given by the right-hand rule (18) . For example, a positive M x would tend to 'open' rotate the mandible, while a negative M x would tend to 'close' it. The magnitude of the moment vector is
Tests of the six products (Table 1) were conducted in the following sequence:
. With this protocol, each material measurement had its own control. The six materials, tested in random order, were as follows: Accufilm I (Af1) and II (Af2), Rudischhauser Thick (RThick) and Thin (RThin), Hanel Articulating Silk (Silk), and T-Scan (TScan). Then, the six sets of (cleaning -control -material) measurements were repeated, in random order each time, with the mandibular assembly shifted, in turn, by 0Á1 mm in the Anterior, Posterior, Left and Right directions, Fig. 1c .
The cleaning at each measurement consisted of thoroughly removing any traces of the previous product's markings with a 95% ethanol alcohol solution on a two-inch by two-inch cotton gauze (generic), dried with cotton gauze and compressed air. If the product was not available in a horseshoe shape, two pieces were laid on the lower dentition.
Statistical methods and sample size
Summary statistics (mean, range and standard deviation) of the measured loads were calculated for each of the products. Due to non-normality and the presence of interactions, one-way nonparametric tests were used for all comparisons. A Wilcoxon rank-sum test was used to compare the materials and their controls for F lateral , h, M x , M y , M z and M. A one-way ANOVA of rank-transformed data was used to compare the effects of the (Anterior, Posterior, Left and Right) shifts on F lateral and h of the control measurements. A 5% significance level was used for all tests without controlling for multiple comparisons and with the understanding that this may have led to some false discovery. Reliability was assessed by the comparisons of these six controls within each of the five occlusal relationships, that is the left column in Fig. 3b . Reliability was also tested by continuously recording a Centric control through 11 complete cycles and calculating intra-class correlation coefficients.
For the 'overall' (F lateral , h, M x , M y , M z and M for each of the products) groups, there were 90 observations (9 F z values 9 2 directions 9 5 shifts = 90). For the data broken down by the direction of the shift, we had 18 observations (9 F z values 9 2 directions = 18).
Results
Six products were tested in five occlusal relationships, for a total of 30 combinations. In addition, each combination had its own control. The measurements are presented in the form of F lateral and its direction, h, Fig. 3b and c, respectively. The right columns in Fig. 3b and c contain the 30 position/material measurements, while the left columns show their corresponding controls. Although the materials were tested in random sequences within each of the five occlusal relationships, they are consistently presented in the Af1, Af2, RThin, RThick, Silk and T-Scan order. The intra-class correlation coefficients were 0Á94 and 0Á72 for F lateral and h, respectively.
Statistical results are summarised in Fig. 4 . The primary focus, the comparison of loads measured with and without (control) the presence of a product, is shown in Fig. 4a . Figure 4b 
vs. disclusion differences. The P-values in the Overall columns of Fig. 4a are shown in Table 2 . Although M x , M y , M z and M are not presented in detail as in Fig. 3 , they are included in Fig. 4 and Table 2 .
Discussion
Primary emphasis is on F lateral (the force component in the occlusal plane) and its direction, h, both calculated from the measured F x and F y force components, Fig. 2 . Based solely on F lateral and/or h, Fig. 4a , it can be concluded that these products alter the loading experienced by the arches. The moment measurements (Fig. 4a ) and the Overall values ( Fig. 4a and Table 2 ) reinforce this conclusion. The least emphasis should be placed on M z because generally it is small. All 4 (Anterior, Posterior, Left and Right) 0Á1 mm shifts of the mandibular arch produced significant changes in control F lateral and h when compared to Centric and to each other, all with P-values <0Á0001.
(Compare the sets of curves in the left columns of Fig. 3b and c) . Thus, the five occlusal arrangements can be considered as distinctly different occlusal relationships, thereby satisfying a requirement for the statistical analyses. It is also noteworthy that a 0Á1 mm mandibular shift is sufficient to produce such changes in the occlusal contact forces.
It was found that the six control F lateral and h measurements within the Anterior, Posterior, Left and Right offset groups were not statistically different, but those within the Centric relationship were different from each other. This possibility was anticipated, and it is precisely the reason for the repeated (cleaningcontrol -material) sequence in the experimental design. The need for the individual controls was based on the risk that the cleanings could ever-so-slightly disturb the apparatus. The Centric relationship is the most stable position and so it seems that the slightest perturbations away from it induce the greatest relative changes.
Product performance assessment was based on the difference between the product's measurements and its corresponding control measurements. As an § DTL_DS_Sensor.pdf (https://www.tekscan.com/products-solu tions/dental-sensors/t-scan-evolution-dental-sensors). example, for h, the difference was defined as the quantity, h product À h control . This calculation was performed for values of h that were linearly interpolated to correspond to F z = 5, 10, 15, . . . 45 N. (These nine data points are illustrated in Fig. 3a and in the top right panel of Fig. 3b) . The smaller the deviation from the respective control, the better the performance. Expressed in terms of P-values relative to 0Á05, Af1, Af2 and Silk performed better than RThin, RThick and T-Scan, Fig. 4a and Table 2 . (Of the same six materials, Silk fared the best in a study of single pair tooth contact) (1) . T-Scan is a thick material, Table 1 , and perhaps more importantly, it is stiff. Thus, it acts to 'bridge' the cusp tips, effectively converting the bite into a flat-plane occlusion. This is entirely consistent with its relatively small F lateral magnitudes, Fig. 3b .
The causes of discrepancies between the other materials and their controls, and between each material's occlusion and disclusion (Fig. 4b) , are more complicated. It appears that the products act to cushion the contacts, and thus, the initial (F z = 5 N) control F lateral magnitudes are consistently higher than those with the products, Fig. 3b . On disclusion, the path in the material is already crushed or ploughed, and hence, there is less discrepancy between control Fig. 4 . Summaries of statistical results. (a) Symbols indicate significant (P < 0Á05) differences between the material and its control during occlusion (•) and disclusion (■). The ▲ indicate significant differences when direction (occluding and discluding) and shift (Centric, Anterior, Posterior, Left and Right) are all lumped together. (b) Significant (P < 0Á05) differences between occlusion and disclusion for the material (■) and for its control (•).
and material. The occlusion/disclusion differences also suggest a link to friction (19) and because these differences are much less pronounced with Af1, Af2 and Silk than with RThin and RThick, it may be due to the lubricating quality of their marking ink. (This is not to suggest that a good lubricant is better or worse than a poor lubricant.)
It is interesting to note that Af1 is half as thick as Af2, yet Af1's performance is only marginally better, Fig. 4a . In turn, Silk is more than twice as thick as Af2, yet their performances are similar. It therefore appears that the relatively good performances of Af1, Af2 and Silk may be attributable to serendipitous combinations of material thickness, stiffness and lubricative property.
The evidence demonstrates that RThick, RThin and TScan cannot replicate actual tooth-tooth contacts (Fig. 4a) and that Af1, Af2 and Silk exhibit deficiencies in Centric occlusion. Thus, it appears that long- 
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standing controversies about occlusal mark interpretations are focused on artefactual observations. These products are used in a wide range of applications, ranging from hinge-mounted models, ankylosed teeth and implant supported bridges, to periodontally compromised teeth. Somewhere within that broad stiffness spectrum are healthy teeth, full dentures and our apparatus. Clearly, extreme caution should be exercised in generalising these study results, but it is not unreasonable to suggest that the deficiency phenomena described herein are inherent in all applications of these materials. More research is needed to better define the details of those inadequacies.
